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bstract
On the surface of CeO2, diphenylamine (DPA) in ethanol undergoes a photoinduced oxidative transformation yielding N-phenyl-
-benzoquinoneimine (PBQ). The photoinduced transformation of DPA on CeO2 was enhanced by increasing the (i) [DPA], (ii)
eO2-loading, (iii) airflow rate and (iv) photon flux. The formation of PBQ on the CeO2 surface increased due to irradiation at
54 nm compared to that observed from irradiation at 365 nm. The activity of the CeO2 surface does not decrease during reuse. The
hotoinduced oxidative transformation mechanism was discussed, and the kinetic law was determined. ZnO and ZnS enhance the
hotoinduced transformation indicating interparticle charge transfer in semiconductor mixtures.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
eywords: Photocatalysis; Semiconductor; Kinetic law; Interparticle charge transfer.  Introduction
Semiconductor-photoinduced selective organic trans-
ormations have attracted considerable interest due
o their environmental friendliness and promising
otential for utilising solar radiation [1]. The photo-
atalysts that have been widely employed for selective
rganic transformations are TiO2 and TiO2-based
aterials [2]. Alcohols are selectively oxidised to
ldehydes using the TiO2 anatase photocatalyst, and
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zyl amines to the corresponding imines. In addition,
TiO2 photocatalyses the oxidative dehydrogenation
of 1,2,3,4-tetrahydroquinoline to 3,4-dihydroquinoline,
and Au/TiO2 photocatalytically converts benzene to
phenol [3]. TiO2 requires UV light for band gap
(3.2 eV) excitation, and to exploit natural sunlight, new
photocatalysts are needed for selective organic trans-
formations. CeO2 is inexpensive and abundant with
minimum toxicity, which makes it suitable for opto-
electronic and photocatalytic applications [4]. The pale
yellow colour of CeO2 is due to Ce(IV)–O(II) charge
transfer [5]. The absorption edge of extends to the visi-
ble region [6], and CeO2 can act as a photocatalyst with
visible light activation [7]. Lu et al. report that the band
gap of CeO2 is 2.90–3.05 eV [8]. Diphenylamine (DPA)
is widely used for the post-harvest treatment of applesbehalf of Taibah University. This is an open access article under the
and pears [9] in addition to biomedical and other appli-
cations, such as a stabiliser for nitrocellulose explosive,
antioxidant, hair dryer, fungicides [10,11]. Therefore,
the phototransformation of DPA is of interest, and
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many studies on the photosensitised oxidation of DPA
have been reported using cyanoanthracenes [12] and
benzophenone [13] as photosensitisers. The direct pho-
tooxidation of DPA to N-phenyl-p-benzoquinoneimine
(PBQ) is slow [14], and the current study indicates that
CeO2 nanoparticles effectively induce the conversion
under natural sunlight. A detailed kinetic investigation
provided the kinetic law governing the organic transfor-
mation and indicated the possible reaction mechanism.
The efficiency of photocatalysis can be improved by
enhancing the separation of the electron-hole pairs in
nanocrystalline semiconductors [15]. This separation
may be achieved by interparticle charge transfer (IPCT).
Enhanced mineralisation of organic compounds has been
observed with mixtures of two nanocrystalline semi-
conductors for use as photocatalysts [16,17]. However,
no such enhancement was obtained in the photocatalytic
formation of iodine, which is most likely due to the IPCT
being slower than the hole transfer to the iodide ion [18].
Therefore, the investigation of the photocatalytic organic
transformation with nanocrystalline semiconductor mix-
tures as photocatalysts is important. In the current study,
ZnO and ZnS have been employed as co-photocatalysts
because the conduction band (CB) electron of CeO2 is
less cathodic than that of ZnS and the valence band (VB)
hole of CeO2 is less anodic than that of ZnO. Therefore,
the transfer of a photoformed CB electron on ZnS and a
VB hole on ZnO to CeO2 is possible.
2.  Experimental
2.1.  Materials  and  measurements
CeO2, ZnS and ZnO (Merck, Mumbai, India)
were employed as received. A PANalytical X’Pert
PRO diffractometer employing Cu K  radiation at
1.5406 A˚ was used to record the powder X-ray diffrac-
tograms (XRD) of the semiconductors. The surface area
measurements were performed with a Micromeritics
ASAP 2020 physisorption analyser. The samples were
degassed at 150 ◦C for 12 h, and the analysis was car-
ried out at −196 ◦C with nitrogen as the adsorbate
gas. The specific surface areas were obtained by the
Brunauer–Emmett–Teller (BET) multipoint method via
a least-square fit. The particle size distribution of the
photocatalysts under suspension (methanol) was mea-
sured with particle sizer Horiba LA-910 or Malvern
3600E (focal length 100 mm, beam length 2.0 mm). The
UV–vis diffuse reflectance spectra of the semiconductors
were recorded with a Shimadzu UV-2600 spectropho-
tometer equipped with an ISR-2600 integrating sphere
attachment. The Kubelka–Munk plots provided thebah University for Science 9 (2015) 513–520
band gap energies. Potassium tris(oxalato)ferrate(III)
(i.e., K3[Fe(C2O4)3]·3H2O) was prepared following a
standard procedure [19]. DPA (Merck, Mumbai, India)
was used as supplied. Commercial ethanol was purified
by distillation with calcium oxide.
2.2.  Oxidative  transformation  with  UV  light
The reaction on CeO2 induced by UV light was car-
ried out in a multilamp photoreactor fixed with eight 8 W
mercury UV lamps (Sankyo Denki, Japan) at 365 nm,
which were shielded by a highly polished anodised alu-
minium reflector. Four cooling fans at the bottom of the
reactor dissipated the heat that was produced. The reac-
tion vessel was a borosilicate glass tube with a 15 mm
inner diameter, and this vessel was placed at the cen-
tre of the photoreactor. The photoinduced reaction was
also carried out in a micro-photoreactor fixed with a 6 W
254 nm low-pressure mercury lamp and a 6 W 365 nm
mercury lamp. Quartz and borosilicate glass tubes were
used as reaction vessels for the 254 and 365 nm lamps,
respectively. The photon flux (I) was determined by
ferrioxalate actinometry. The volume of the reaction
solution was maintained at 25 mL in the multilamp
photoreactor and 10 mL in the micro-photoreactor. The
required amount of the photocatalyst was weighed accu-
rately and transferred to an ethanolic solution of DPA
with the desired concentration in the reaction vessel. Air
was bubbled through the solution, and the airflow rate
was measured using the soap bubble method. At dif-
ferent irradiation time, the photocatalyst was separated
by centrifugation. The UV–vis spectra were recorded
on a Hitachi U-2001 UV–vis spectrophotometer. The
solution was diluted 5 times to maintain an absorbance
within the Beer–Lambert law limit. The formed PBQ was
estimated based on its absorbance at 450 nm. For photo-
catalysis with the semiconductor mixtures, the desired
quantities of each photocatalyst were thoroughly mixed
and well ground in a mortar with a pestle, and an accu-
rately weighed quantity of the prepared semiconductor
mixture was transferred to the DPA solution for irradia-
tion.
2.3.  Oxidative  transformation  with  sunlight
The photoinduced transformation on CeO2 with nat-
ural sunlight was carried out under a clear sky in summer
(March-July) from 11:30 am to 12:30 pm. The solar
irradiance was measured with a Global pyranometer
(Industrial Meters, Bombay, India) to be 440 W m−2.
The DPA solutions at the required concentration in
ethanol were freshly prepared in wide cylindrical glass














































Fig. 1. PBQ formation in the presence of CeO2 under UV light irradia-
tion in ethanol: the UV–vis spectra of reaction solution (diluted 5 times)
at 0, 30, 60, 90 and 120 min (↑) ([DPA] = 20 mM, CeO2-loading = 1.0 g,
airflow rate = 7.8 mL s−1, I = 0.630 einstein s−1, volume of reaction
determination of the rate of PBQ formation on CeO2 at
different airflow rates indicates enhancement of the sur-
face reaction as the airflow rate increased. The results
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essels with uniform diameters. The entire bottom of the
essel was covered with the CeO2 powder. Air was bub-
led using a micropump without disturbing the catalyst
ed. The volume of the DPA solution was 25 mL, and the
oss of solvent due to evaporation was periodically com-
ensated. The formed PBQ was spectrophotometrically
etermined.
.  Results  and  discussion
.1.  Material  characteristics
The obtained powder X-ray diffraction patterns of
eO2, ZnS and ZnO indicate that the crystalline struc-
ures are cubic fluorite, cubic zinc blende and hexagonal
urtzite, respectively [4,17]. The specific surface areas
f CeO2, ZnS and ZnO, which were determined by the
ET method, are 11.0, 7.7 and 12.2 m2 g−1, respec-
ively [4,17]. The mean particle sizes (t) of CeO2, ZnS
nd ZnO, which were determined using the relationship
 = 6/ρS, where ρ  is the material density and S  is the
pecific surface area, are 76, 190 and 87 nm, respec-
ively. The band gaps of CeO2, ZnS and ZnO, which
ere obtained from the Kubelka–Munk plots, are 2.89,
.57 and 3.15 eV, respectively [4,17].
.2.  UV  light-induced  oxidative  transformation  on
eO2
The UV light-induced oxidative transformation of
PA on the CeO2 surface in ethanol was carried out
n the presence of air with a multilamp photoreactor
xed with UV lamps at a wavelength of 365 nm. The
V–vis spectra of the DPA solution were obtained at
ifferent irradiation times and indicate the formation of
BQ (λmax = 450 nm). The time spectra are shown in
ig. 1. The irradiated solution is EPR silent, which indi-
ates the absence of the formation of diphenylnitroxide.
n addition, a thin layer chromatographic experiment
ndicated the formation of a single product. The irra-
iated DPA solution was evaporated after the recovery
f the CeO2 particles, and the solid was dissolved in
hloroform to develop the chromatogram on a silica gel
-coated plate with benzene as the eluent. The formed
BQ was estimated from the measured absorbance at
50 nm using its molar extinction coefficient [20,21].
he linear increase in [PBQ] with the irradiation time,
s shown in the inset of Fig. 1, yields the initial rate
f PBQ formation, and the rates are reproducible within
6%. The direct photooxidation of DAP (i.e., the photo-
ormation of PBQ in the absence of CeO2) is slow
14], and the rate of PBQ formation on CeO2 wassolution = 25 mL). Inset: Linear increase in the amount of PBQ formed
as a function of irradiation time.
obtained by determining the rates of PBQ formation
in the presence and absence of CeO2. Fig. 2 shows
the enhancement of the PBQ formation on CeO2 with
[DPA]. The observed enhancement was characteristic of
Langmuir–Hinshelwood kinetics with respect to [DPA].
The increase in the CeO2 loading in the DPA solution
increases the rate of the surface reaction, and the reaction
rate reaches a limit at a high CeO2 loading (Fig. 3). TheFig. 2. CeO2-photoinduced PBQ formation at different [DPA]
(CeO2-loading = 1.0 g, volume of reaction solution = 25 mL; UV:
λ = 365 nm, I = 0.630 einstein s−1, airflow rate = 7.8 mL s−1; Solar:
bed area = 11.36 cm−1, airflow rate = 4.6 mL s−1).
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Light intensity, µeinstein s-1
Fig. 5. Effect of photon flux on PBQ formation on the CeO2 surface
([DPA] = 5.0 mM, CeO -loading = 1.0 g, airflow rate = 7.8 mL s−1,loadings ([PBQ] = 5.0 mM, airflow rate = 7.8 mL s , λ = 365 nm,
I = 0.630 einstein s−1, volume of reaction solution = 25 mL).
are shown in Fig. 4. An increase in the airflow rate
most likely increased the concentration of the dissolved
oxygen in the medium. Because air is being continuously
bubbled through the system, which is exposed to the
atmosphere, the determination of the dissolved oxygen
in the medium becomes difficult. In addition, bubbling
of air enhances the motion of the nanoparticles in the
medium. The enhanced movement of the nanoparticles
in the medium can enhance the photocatalytic forma-
tion of PBQ. In addition, an increase in the airflow rate
can increase oxygen diffusion to the nanoparticle sur-
face. However, in the current study, the increase in the
PBQ formation observed while the airflow rate increased
is primarily due to the oxygen concentration effect


















Airflow rate, mL s-1
UV
Solar
Fig. 4. CeO2-photoinduced PBQ formation at different airflow rates
([DPA] = 5.0 mM, CeO2-loading = 1.0 g, volume of reaction solu-
tion = 25 mL; UV: λ = 365 nm, I = 0.630 einstein s−1; Solar: bed
area = 11.36 cm−1).2
λ = 365 nm, volume of reaction solution = 25 mL).
because in the solar experiment where the photocatalyst
is immobilised (stationary), a similar increase in the PBQ
formation with the airflow rate was observed (vide infra).
As an approximation, the dissolved oxygen concentra-
tion is directly related to the airflow rate, and the results
in Fig. 4 are consistent with the Langmuir–Hinshelwood
kinetic law with respect to oxygen. PBQ formation was
also determined without bubbling air but the solution
was not deoxygenated. The dissolved oxygen brings in
the photoinduced surface reaction. However, the PBQ
formation was slow. The PBQ formation on CeO2 was
studied at different photon fluxes. The reaction was
carried out with two, four and eight lamps, and the
angles of the adjacent lamps are 180◦, 90◦ and 45◦,
respectively. Fig. 5 shows the dependence of the surface
reaction rate on the photon flux. PBQ is not formed in
the absence of irradiation. The observed linear increase
in the PBQ formation rate with the photon flux indi-
cates a successful photocatalytic process that is governed
by a light induced process. Independent investigations
of the PBQ formation on CeO2 with UV-A irradia-
tion and UV-C irradiation using a 6 W 365 nm mercury
lamp (I  = 0.184 einstein s−1) and a 6 W 254 nm low-
pressure mercury lamp (I  = 0.062 einstein s−1) in a
micro-photoreactor under identical conditions indicated
that UV-C irradiation is more efficient than UV-A light
for initiating the organic transformation. The PBQ for-
mation with UV-A irradiation and UV-C irradiation
are 3.5 and 46.9 nM s−1, respectively ([DPA] = 5.0 mM,
CeO suspended: 1.0 g, airflow rate = 7.8 mL s−1). CeO2 2
does not lose its photocatalytic efficiency during usage.
The reuse of CeO2 demonstrated its sustainable photo-
catalytic activity. A singlet oxygen quencher azide ion
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5 mM) did not suppress the formation of PBQ, which
ndicated the lack of involvement of singlet oxygen in
he photoinduced organic transformation on CeO2. This
esult is in agreement with a previous report. Fox and
hen [22] ruled out the possibility that singlet oxygen
articipated in TiO2 photocatalysed olefin-to-carbonyl
xidative cleavage.
.3.  Sunlight-induced  oxidative  transformation  on
eO2
The CeO2 band gap is 2.89 eV (absorption edge
29 nm), and the oxidative transformation of DPA to
PQ on the CeO2 surface also occurs under natural sun-
ight. The UV–vis spectrum of the sunlight irradiated
PA solution in ethanol in the presence of CeO2 and
ir was similar to that with UV light (λmax = 450 nm).
n addition, the illuminated solution is EPR silent,
ndicating the absence of diphenylnitroxide. In addi-
ion, TLC analysis indicated the formation of a single
roduct. The determination of the intensity of sunlight
W m−2) indicated fluctuations in the solar irradiance
uring the period of the experiment even under a clear
ky. Therefore, solar experiments under different reac-
ion conditions were performed in a set to maintain the
ame quantity of incident sunlight on a unit area, which
llows us to compare the solar results. A pair of solar
xperiments simultaneously performed under identical
onditions provided results within ±6% on different
ays. The influence of the operational parameters on the
unlight induced oxidative transformation was studied
y carrying out the given set of experiments simulta-
eously, and the results shown in each figure represent
dentical solar irradiance. The PBQ formation rates were
btained by irradiating the DPA solutions on a CeO2
ed for 60 min. Fig. 2 shows the variation in the PBQ
ormation rate as a function of [DPA]. The observed
ncrease in the PBQ formation as a function of [DPA]
s characteristic of the Langmuir–Hinshelwood kinetic
aw. The double reciprocal plot of the PBQ formation
ate as a function of [DPA] yields a straight line with
 finite y-intercept (figure not given), confirming the
angmuir–Hinshelwood kinetics. Fig. 4 shows the rate
f PBQ formation on CeO2 at different airflow rates.
he observed enhancement in the chemical transforma-
ion by air (oxygen) indicates that the surface reaction
lso conforms to Langmuir–Hinshelwood kinetics with
espect to oxygen. The double reciprocal plot of the reac-
ion rate as a function of the airflow rate is linear with
 positive y-intercept (figure not shown). PBQ forma-
ion on CeO2 was studied without bubbling air but the
olution was not deoxygenated. The dissolved oxygenFig. 6. Variation of photoinduced PBQ formation rate as a function
of the CeO2 bed area ([DPA] = 5.0 mM, CeO2-loading = 1.0 g, airflow
rate = 4.6 mL s−1, volume of reaction solution = 25 mL).
itself brings in the chemical transformation on CeO2.
However, the transformation is slow. The PBQ forma-
tion on CeO2 is linearly enhanced with the apparent area
of the CeO2 bed. The results are shown in Fig. 6. The
profile of the observed PBQ formation rate as a function
of the CeO2 bed area does not extrapolate to the origin.
This result may be due to the CeO2 bed area shown in
Fig. 6 being only the cross-sectional area of the reaction
vessel on which the CeO2 was spread. The oxidative
transformation does not occur in dark. CeO2 does not
lose its activity on usage. The reuse of CeO2 indicates
sustainable activity.
3.4.  Mechanism
Band gap irradiation of CeO2 produces electron-hole
pairs (i.e., holes in the valence band (VB) and electrons
in the conduction band (CB)). The recombination of the
charge carriers is very fast and occurs on the picosecond-
time scale. For effective photocatalysis, the reactants
must be adsorbed on the CeO2 surface [23]. The hole
picks up an electron from the adsorbed DPA molecule to
form the diphenylamine radical cation (Ph2NH•+). The
oxygen molecule adsorbed on the CeO2 surface removes
the CB electron. The superoxide radical anion that forms
most likely reacts with the diphenylamine radical cation
yielding PBQ.
CeO2 +  h  →  h+(VB) +  e−(CB)
+ +Ph2NH(ads) +  h (VB) →  Ph2NH•
O2(ads) +  e−(CB) →  O2•−
518 C. Karunakaran, S. Karuthapandian / Journal of Tai





















Fig. 7. Enhanced PBQ formation due to mixing CeO2 with ZnO or ZnS
([DPA] = 5.0 mM, catalyst-loading = 1.0 g, airflow rate = 7.8 mL s−1,
λ = 365 nm, I = 0.630 einstein s−1, illumination time = 30 min, vol-
ume of reaction solution = 25 mL).
3.5.  Kinetic  analysis
The heterogeneous photocatalytic reaction that
occurs in a continuously stirred tank reactor (CSTR)
under UV light irradiation is governed by the following
kinetic law [24]:
rate of PBQ formation on CeO2
=  kK1K2SIC[DPA]γ/(1 +  K1[DPA])(1 +  K2γ)
where K1 and K2 are the adsorption coefficients of DPA
and O2, respectively, on the irradiated CeO2 surface, k
is the specific rate of oxidation of DPA on the CeO2
surface, γ  is the airflow rate, S  is the specific surface
area of CeO2, C  is the amount of CeO2 suspended per
Fig. 8. Aggregationbah University for Science 9 (2015) 513–520
litre and I  is the photon flux. The data that was fit to
the Langmuir–Hinshelwood kinetic curve, which was
drawn using a computer program, confirms the kinetic
law (Figs. 2 and 4). The linear double reciprocal plots
of the surface reaction rate as a function of [DPA]
and the airflow rate support the Langmuir–Hinshelwood
kinetic model. The fit of the data yields adsorption
coefficients K1 and K2 of 370 L mol−1 and 0.13 mL−1 s,
respectively, and the specific reaction rate (k) was
0.58 mol L m−2 einstein−1. However, the rate of PBQ
formation on the CeO2 surface does not increase linearly
with the catalyst loading due to the high catalyst loading.
At a high catalyst loading, the surface area of the catalyst
exposed to light does not correspond to the weight of the
catalyst. The amount of CeO2 employed is beyond the
critical amount corresponding to the volume of the reac-
tion solution and reaction vessel, and the entire amount
of CeO2 is not exposed to irradiation.
3.6.  Synergism  of  ZnS  and  ZnO
For coupled semiconductors, the vectorial transfer of
photogenerated charge carriers from one semiconductor
to another is possible. This charge separation results in
enhanced photocatalytic efficiency, and there are many
examples of coupled semiconductors [15]. In coupled
semiconductors, both semiconductors exist in the same
particle, and the charge separation occurs within the
particle. However, we observe the enhanced photoin-
duced transformation of DPA to PBQ by mixing ZnO
or ZnS particles with CeO2 particles. Fig. 7 shows the
enhancement in the photocatalytic formation of PBQ
 of particles.





















































Fig. 9. CB and VB edges.
hen CeO2 is mixed with ZnO or ZnS. The two par-
iculate semiconductors are in suspension and constant
otion. This enhanced photocatalytic transformation is
ue to interparticle charge transfer. Nanoparticles in sus-
ension aggregate [25]. Fig. 8 shows the particle size
istributions of CeO2, ZnS and ZnO in suspension. The
esults shown in Fig. 8 and the determined particle sizes
eveal that the particles aggregated. As observed in the
ndividual semiconductor suspension, aggregation most
ikely occurred in the particulate semiconductor mix-
ures under suspension, and both semiconductor particles
ost likely exist as aggregates. Charge transfer between
eO2 and ZnS or ZnO particles most likely occurred
hen both semiconductors are under band gap irradia-
ion and in contact with each other. The electron from
he CB of the semiconductor can move to another when
he latter has a low energy, and a similar phenomenon
an occur with the hole from the VB. Fig. 9 shows
he CB and VB edges of CeO2 [26], ZnS and ZnO
27]. The charge transfer between the particulate semi-
onductors is governed by the CB and VB energy levels.
he CB electron of CeO2 is less cathodic than that of
nS, which enables transfer of the electron from the
B of ZnS to the CB of CeO2 in the CeO2–ZnS mix-
ure. The VB hole of CeO2 is less anodic than that of
nO, which favours transfer of the hole from the VB of
nO to that of CeO2 in the CeO2–ZnO mixture. This
nterparticle charge transfer enhances the photocatalytic
rocess. The energy difference between the CB elec-
rons of the two semiconductors is the driving force for
he interparticle electron separation, and the free energy
hange is given by −G  = e(E(CBSC1) −  E(CBSC2)) [28].
n terms of redox chemistry, the CB and VB refer to
he reduced and oxidised states of the semiconductor.
n CeO2 and ZnO or ZnS, the CB electrons refer to the
educed forms of Ce4+ (i.e., Ce3+) and Zn2+ (i.e., Zn+),bah University for Science 9 (2015) 513–520 519
respectively. Similarly, the VB hole corresponds to the
oxidised forms of O2− (i.e., O−) and S2− (i.e., S−). The
interparticle charge transfer, which involves the trans-
fer of an electron from the CB of ZnS to that of CeO2,
refers to an electron jump from Zn+ to Ce4+. The hole
transfer from the VB of ZnO to that of CeO2 corre-
sponds to an electron jump from O2− of CeO2 to O−
of ZnO. The possibility of cross-electron-hole combina-
tion, which involves the transfer of an electron from the
CB of one semiconductor (SC1) to the VB of the other
(SC2), is very remote. The very low population of the
excited states makes the electron transfer between the
two excited states highly improbable. A possible reason
for not observing the maximum photocatalytic transfor-
mation at 50% wt. composition of the semiconductor
mixtures may be related to the densities and particle sizes
of the semiconductors as well as aggregation.
4.  Conclusions
Photoinduced oxidative transformation of DPA on a
CeO2 surface yields BPQ. The BPQ formation on CeO2
is enhanced as the [DPA] and airflow rate increased
and follows the Langmuir–Hinshelwood kinetic law. The
amount of PBQ formation on CeO2 is larger with UV-C
irradiation than with UV-A irradiation. CeO2 mixed with
ZnO or ZnS produces more PBQ than that produced by
the individual semiconductor, which is most likely due
to interparticle charge transfer.
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